the membrane system can be classified into four categories including organic fouling, biofouling, inorganic fouling and particulate fouling [6] . Among them, organic fouling and biofouling constitute the major fouling on membranes. Organic fouling causes the blocking of the membrane pores by organic substances such as proteins, amino acids, carbohydrates, etc. [7] [8] [9] . Biofouling relates to the microbial adhesion and growth on the membrane surface, leading to the formation of a biofilm layer. The subsequent formation of extracellular polymeric substances (EPS) by microorganisms further stimulates microbial colonization of the membrane surface. Biofouling can be minimized by periodic washing with chlorinated disinfectants, but such a treatment often causes polymer membrane degradation and failure [10] . Furthermore, the release of biocides to the environment can lead to water contamination and pollution. Poly(vinylidene fluoride) (PVDF) is a semi-crystalline polymer showing four crystalline forms, i.e. nonpolar α-phase, and polar β-, γ-, and δ-phases depending on the crystallization and processing conditions. It exhibits outstanding electroactive behavior, good chemical resistance and thermal stability [11, 12] . So it finds wide applications in the electronic, biomedical and membrane industries. With the recent progress in nanotechnology, a wide range of nanomaterials has been synthesized and produced for technological applications. So nanomaterials have been added to various polymers for improving their mechanical, physical and chemical properties [13] [14] [15] [16] [17] [18] [19] . As mentioned before, hydrophobic PVDF membranes suffer from organic and biofouling greatly. Many efforts have been devoted to the development of PVDF-based nanocomposite membranes with antifouling property by adding metal and metal oxide nanomaterials. Iron with natural abundance of 91.754% is an ideal element for incorporating into polymer membranes for antifouling. However, environmental degradation of Fe [20, 21] due to its extremely high chemical reactivity makes iron nanoparticles unsuitable for practical applications. In this respect, silver nanoparticles (AgNPs), TiO 2 , SiO 2 nanoparticles, nanochitin whiskers, and grapheneoxide nanoplatelets have been added to PVDF to form nanocomposite membranes via the phase inversion method [22] [23] [24] . AgNPs are known to exhibit excellent antimicrobial resistance upon contact with bacterial cell membranes. In a recent study, LancerosMendez and coworkers prepared AgNP-PVDF nanocomposite films by solvent casting from a DMF solution [25] . They reported that particle size and concentration influence the crystallization of the electroactive γ-phase of PVDF. More recently, Zinadini reported that hydrophilic graphene oxide (GO) addition improves the fouling resistance of polyethersulfone by inhibiting the interaction between proteins and the membrane surface [26] . A similar finding was reported by Shukla et al. [27] for polyphenylsulfone membranes. Electrospinning is a versatile process to produce polymer fibers with diameters ranging from several nanometers to micrometers under the application of an electric field. When the applied field overcomes the surface tension of polymer solution, a charged fluid stream is ejected from the tip of syringe onto a target collector [28] [29] [30] [31] [32] . Electrospun polymer membranes generally exhibit high porosity with interconnected open pores, and high surface area to volume ratio. In an earlier study, Gopal et al. [33] found that the liquid filtration performance of electrospun PVDF membranes is similar to that of conventional microfiltration membranes. Jang et al. [34] reported that electrospun PVDF-GO membranes exhibit three times higher water permeability than pure PVDF fibrous mats due to improved hydrophilicity. To enhance antimicrobial resistance of PVDF-GO fibrous mats, we need to incorporate AgNPs into this system. In this respect, electrospun PVDF-Ag-GO mats are expected to exhibit high water permeability and antifouling behavior. Little information is available in the literature regarding water permeability and antifouling property of electrospun PVDF-Ag-GO hybrid membranes. This study aims to develop new hybrid nanocomposite membranes and investigate the effects of GO-Ag hybrid filler additions on the tensile property, hydrophilicity, water permeability, protein and bacterial antifouling behavior of PVDFbased membranes prepared by electrospinning. Furthermore, the physical and tensile properties as well as antifouling performance of electrospun PVDF-Ag membranes are also studied for the purposes of comparison. The developed PVDF-based composites may also find a wide scope of application in the field of piezoelectric membranes for tissue engineering [12] . (NaNO 3 ) , N, N-dimethylformamide (DMF), acetone were of analytical grade and used as received. Lysogeny broth (LB), brain heart infusion (BHI) broth and bovine serum albumin (BSA) were purchased from Thermo Fisher Scientific Inc. (USA).
Experimental

Preparation of fibrous membranes 2.2.1. GO-Ag hybrids
Graphene oxide was prepared according to a modified Hummers' method. In the process, graphite flakes and NaNO 3 were placed in a volumetric flask containing concentrated H 2 SO 4 . The mixed solution was continuously stirred in an ice bath. Subsequently, K 2 MnO 4 was slowly added to the solution, and the stirring was continuous for 2 days. The mixture was then diluted with slow addition of water. The reaction sequence was terminated by adding H 2 O 2 . The solution was finally centrifuged and the supernatant liquid decanted. The precipitate was treated with 3% HCl and then washed with distilled water to remove the acid. For making GO-Ag hybrids, GO was initially dispersed in DMF by bath sonication for 30 min, then desired quantities of AgNO 3 were introduced into the suspension. Sonication was used to exfoliate and break the as-prepared graphene oxide so that its lateral size falls mainly in tens to hundreds of nanometers. In the process, DMF served as both reducing agent and reaction medium. After sonication of further 30 min, the suspension turned into a brown colloid solution. Subsequently, the reaction was magnetic stirred for 10 h at 60°C. Pure AgNPs were synthesized by reduction of AgNO 3 in DMF without GO addition.
Electrospun polymer membranes
To prepare pure PVDF membranes, PVDF pellets were dissolved in a mixture of acetone and DMF (30:70, v/v) , and stirred for 5 h at 50°C. For the PVDF-Ag and PVDF-Ag-GO nanocomposite membranes, 20 wt% PVDF was first dissolved in acetone, followed by adding desired amounts of Ag/DMF or GO-Ag/DMF suspensions under magnetic stirring for 5 h. For the PVDF-Ag-GO system, GO content was fixed at 1 wt% while the AgNPs contents were kept at 1 and 2 wt% relative to the weight of PVDF. Electrospinning was performed using an electrospinning unit (NEU; Kato Tech Co., Japan) by loading the prepared solution into a syringe with a stainless steel needle tip having a diameter of 0.5 mm. By applying a voltage of 20 kV, the solution was ejected from the needle tip at a rate of 0.05 mL/h. The distance between the needle tip and the collector was 12 cm. A grounded, aluminum foil-wrapped rotating mandrel was used to collect fibrous membranes. The membranes were dried overnight in a vacuum dryer at 60°C to remove any residual solvents. The thickness of PVDF-based membranes was measured on five separate samples using a Mitutoyo digital micrometer as described elsewhere [35] .
Microscopic observations
Graphene oxide and GO-AgNPs hybrids were first observed in an atomic force microscope (AFM; Veeco Nanoscope V). Scanning electron microscopy (SEM; Jeol JSM-820 and Jeol JSM 6700F) and transmission electron microscopy (TEM; Philips CM 20) images were taken to reveal the morphologies of PVDF-GO and PVDF-Ag-GO nanocomposite membranes. The diameters of electrospun PVDF-based fibers were determined from the SEM micrographs using ImageJ software (ImageJ, Bethesda, MD, USA). The porosity and pore size of electrospun membranes were also evaluated from the SEM images using ImageJ software. The SEM images were converted to grayscale where different layers were made distinct. By adjusting the pixel intensity to approximately select only the first layer of fibers and calculating this area fraction. From the literature, porosity results obtained from this image analysis were consistent with direct density measurements of the electrospun mats [36, 37] .
X-ray diffraction (XRD)
The XRD patterns of fibrous membranes were obtained using a Bruker D2 Phaser X-ray diffractometer (Karlsruhe, Germany) equipped with Cu-Kα radiation (λ = 0.154 nm) at 30 kV. The patterns were recorded from 10 to 70°.
Tensile measurements
Tensile tests were performed for electrospun fibrous mats with a dimension of 50 mm (length), 10 mm (width) and a gauge length of 30 mm using an Instron tester (model 5567) at a crosshead speed of 10 mm/min. The stress-strain curves of fibrous membranes were recorded at room temperature. Five specimens of each composition were tested and the average value was reported.
Silver ion release and contact angle tests
Electrospun nanocomposite membranes with AgNPs were sliced into circular disks having a diameter of 10 mm. They were immersed in 10 mL deionized water for 1 to 28 days. The amount of silver ions released to the medium was quantitatively measured with inductively coupled plasma atomic emission spectrometry (ICP-AES; Perkin Elmer 3300DV). Water contact angle measurements were carried out using deionized water drops as the probe liquid on the specimen surfaces. All experiments were conducted at room temperature with a Rame Hart 500-F1 advanced goniometer equipped with a camera (RameHart Instrument Co., NJ, USA). The measurements were repeated for six times on a given specimen and the average values were reported.
Filtration performance measurements 2.7.1 Water permeability and BSA rejection
The water permeability and BSA rejection of electrospun PVDF and its nanocomposite membranes was measured at room temperature with a dead-end filtration cell (Amicon stirred cell; model 8050) having a feed capacity of 50 mL, and connected to a nitrogen gas line. The membranes exhibited an effective filtration area of 13.4 cm 2 . Each membrane was first flushed with deionized water at 0.1 MPa for 30 min before testing. The water flux of a membrane was recorded at 0.1 MPa as Jw 1 . The permeation flux was determined from the Equation (1) [23, 26] : (1) where V [L] is the deionized water or BSA solution permeate volume, A [m 2 ] is the effective area of membrane, and Δt [h] is the permeation time. Afterwards, aqueous BSA solution (1.0 g/L) was applied to the membrane at a constant pressure of 0.1 MPa for 30 min, and recorded as J p . Once the BSA solution passed through the membrane, the permeate solution was collected. The BSA concentrations of the permeate and feed solutions were detected by an UVvis spectrophotometer (Lambda 2, Perkin Elmer) at a wavelength of 278 nm. The BSA rejection (R) was evaluated from Equation (2): (2) where C p and C f are the BSA permeate concentration and the feed concentration, respectively. At least five replicates of water permeation and BSA fouling experiments were carried out in this study.
Antifouling performance
After BSA solution filtration, the membrane was washed by flushing with deionized water for 30 min and the water flux of clean membrane was measured again, denoting as Jw 2 . Accordingly, the flux recovery ratio (FRR) was determined from the following expression given by Equation (3) [23, 26] :
The fouling resistance performance can be further expressed by the following Equations 4) and (5): (4) ( 5) Herein reversible fouling ratio (R r ) refers to the flux decline due to the deposition of foulant on the membrane surface and cake layer formation, and irreversible fouling ratio (R ir ) describes the membrane fouling that cannot be removed by physical cleaning or chemical treatment. Five replicates of water cleaning experiments were performed accordingly.
Antibacterial activity tests
The bacterial strains used in this study were Gramnegative Escherichia coli (E. coli, ATCC 25922) and Gram-positive Staphylococcus aureus (S. aureus, ATCC 29213). E. coli and S. aureus were grown separately in fresh lysogeny broth (LB) and brain heart infusion (BHI) broth, and incubated overnight in an incubator shaker at 37°C. Both bacterial suspensions were adjusted to McFarland method to achieve the desired bacterial concentration. The antibacterial activities of fibrous membranes were determined by Bauer-Kirby disk diffusion method [38] . Bacterial suspension of 1·10 5 CFU/mL
was evenly spread onto nutrient agar plates. Then sterilized disk specimens (6 mm diameter) were placed onto an agar surface, and the agar plates were incubated at 37°C for 18 h. The inhibition zones were recorded with a digital camera. The diameter of inhibition zone was measured with a metric ruler having millimeter calibration. Six samples were tested for each type of membrane.
Results and discussion 3.1. GO-Ag hybrid features
As recognized, two dimensional graphene oxide (GO) sheet is produced by chemical oxidation of graphite in strong oxidizing solutions, which can be easily produced on a large scale. GO sheet is decorated with oxygen-containing functional groups such as hydroxyl, epoxy group, carbonyl and carboxyl groups. These functional groups render the GO sheet highly hydrophilic. Figure 1a is the AFM image of GO (with a lateral dimension of about 0.45 μm) deposited on a silicon substrate and its corresponding height profile. As shown in the AFM height profile, the thickness of GO sheet (2-3 nm) is somewhat larger than the thickness for pure graphene (0.335 nm) due to the presence of oxygenated groups in GO. Figures 1b and 1c are the AFM and TEM images of GO-1%Ag hybrid film. These figures reveal that the AgNPs are homogeneously dispersed throughout GO sheet. Apparently, GO sheet serves as effective sites for the nucleation and subsequent growth of AgNPs, thereby preventing AgNPs from aggregation [39] [40] [41] [42] . The oxygenated groups of GO with surface negative charges provide active nucleation sites by attracting positive silver ions from silver nitrate. DMF solvent then reduces silver ions to AgNPs since DMF acting as both solvent and reducing agent [43, 44] . Consequently, most of the oxygenated functional groups of GO are removed, so insulating GO is converted to conducting reduced graphene oxide (rGO) [45, 46] .
Electrospun fibrous membranes
Figures 2a-c show representative SEM images of pristine PVDF, PVDF-1% Ag and PVDF-1% Ag-GO fibrous membranes. Figure 2d is the TEM image showing uniform dispersion of AgNPs in the PVDF-1% Ag-GO fiber. The fiber diameters and porosity of all fibrous membranes as determined by image analysis from SEM micrographs are listed in Table 1 . This table shows that the fibrous diameters of PVDF membranes decrease significantly by adding 1 and 2% Ag. The mean diameter of PVDF reduces from 483±167 to 290±121 and 280±97 nm, respectively. As mentioned before, sonication is employed to exfoliate and reduce the size of GO in nanometer scale so that GO can be included inside PVDF fiber. For the GOs with a lateral size of about 0.45 μm (Figure 1a) , the diameters of a few PVDF fibers will be increased to accommodate those GOs as indicated by the arrows in Figure 2c . The fiber size histograms [25, 28, 30, 34, 47] . For example, Hwang et al. [48] reported that the porosity of electrospun PVDF mats falls in the range of 35-48%, while Coreia et al. [49] reported a porosity of 79%. The factors affect electrospinning include polymer solution parameters, i.e. the selection of polymers with suitable solvents, solution concentration, solution conductivity, and the processing conditions such as applied voltage, flow rate, needle diameter, distance from the needle to the collector, etc. [25, 30] . In general, the processing conditions have certain influence on fiber morphology although they are less significant than the solution parameters. In this study, DMF/acetone mixed solvent can facilitate the fiber formation without beads. By electrospinning PVDF/DMF solution, fiber generation becomes difficult due to the high boiling temperature (153°C) and low evaporation rate of DMF solvent. To increase the evaporation rate of solvent, acetone with low boiling temperature of 56.8°C and higher volatility is employed as a co-solvent [50] . In addition, polymer solutions with 20 wt% PVDF can produce fibrous membranes due to their adequate viscosity. Below this polymer concentration, beads are formed owing to low viscosity of the solution. As such, the entanglement of the molecules is not strong enough to overcome the repulsion of positive charge arising from the applied external voltage a [30] . Formation of beads is common in polymer solutions with lower concentrations. On the other hand, filler additions tend to increase the viscosity of electrospun polymer solutions [51, 52] . Thus adding nanofillers can increase the fiber diameter by increasing the solution viscosity. However, if nanofillers are conducting materials such as AgNPs and rGO, they can strengthen the repulsive force and decrease the fiber diameter by increasing the solution conductivity. Thus there is a balance between increased viscosity and increased repulsive force in forming fibrous membranes during electrospinning. Typically, the conductivity of polymer solutions can be increased by adding conducting additive such as NaCl. The addition of a few salt molecules leads to a higher charge density on the surface of the ejected jet, generating stronger repulsive forces [53, 54] . In this study, conducting AgNPs and rGO exhibit good electrical conductivity, thus their additions to PVDF increase the conductivity of polymer solutions [55] , giving rise to nanocomposite fibrous membranes with finer diameters than pristine PVDF mat. Increasing polymeric solution conductivity generally results in the formation of finer fibers because the ejecting jet stream can carry more electric charges. As the charge carried by the jet increases, a greater stretching and elongation of the jet takes place during electrospinning, thereby producing fine fibers [51] [52] [53] . Table 1 also indicates that the incorporation of 1% GO into PVDF-0.5% Ag, PVDF-1% Ag and PVDF-2% Ag membrane refines their fibrous diameters markedly. As mentioned before, functional groups of GO such as carboxylic acid, hydroxyl, or epoxide groups interact with silver ions to form AgNPs in the GOAgNP hybrid. This leads to the reduction and conversion of insulating GO to conducting reduced graphene oxide (rGO) [45, 46] . In this regard, rGO fillers also increase the conductivity of polymer solution.
The dispersion of GO and AgNP nanofillers in the PVDF matrix is now considered. Graphene oxide interacts strongly with polar polymers. In polar PVDF, fluorine is more electronegative than carbon, the fluorine atoms will pull electrons away from the carbon atoms to which they are attached. This implies that the -CF 2 -groups in the PVDF chain is very polar. Recently, El Achaby et al. [56] prepared GO/PVDF nanocomposites and reported that GOs were homogeneously dispersed within the PVDF matrix due to the strong and specific interaction between carbonyl group (CO) of GO and fluorine group (-CF 2 -) in PVDF. Furthermore, Manna et al. [57] reported that an electrostatic interaction between the charges on AgNPs and the CF 2 dipole of PVDF straightens the PVF 2 chains, leading to the formation of β-phase conformation. Therefore, specific interactions between GO and AgNPs with the PVDF molecular chains would result in good interfacial bonding with PVDF, leading to their uniform dispersion in the matrix. Figure 3 shows representative field emission-SEM image of electrospun PVDF membrane. Very fine nanopores can be readily seen on the surface of some fibers at a high magnification. The surface pores on the fibers are induced by the phase separation due to the fast solvent evaporation and air vapor penetration [58, 59] . The pore formation mechanism is rather complicated. During electrospinning in an air atmosphere, a cylindrical polymer fluid jet initially consists of polymer chains and solvent molecules. At this stage, simultaneous diffusion processes of solvent evaporation outward and air vapor penetration inward take place at the polymer-air interface. By evaporating solvent, concentrated polymer rich-phase solidifies into the matrix, whereas the solvent-rich phase transforms into pores as the solvent evaporates [58] . The nanopores on the fibers play an important role in wetting AgNPs embedded inside hydrophobic PVDF fibers to generate silver ions as discussed later. X-ray diffraction is a useful technique for verifying the structures and phases developed in the nanocmposite membranes as a result of electrospinnng and Ag-GO nanofiller additions. Figure 4 shows the XRD pattern of electrospun PVDF, PVDF-1% Ag-GO and PVDF-2% GO membranes. This pattern reveal typical Ag peaks at 38.1, 44.2, 64.4°, corresponding to the (111), (200) and (220) reflections, implying the presence of AgNPs in the PVDF matrix of composite membranes. Moreover, PVDF, PVDF-1% Ag-GO and PVDF-2% Ag-GO samples show a strong reflection at 2θ = 20.6°, corresponding to the (110) reflection of β-phase PVDF. From the literature, PVDF exhibits four crystalline forms, i.e. nonpolar α-phase, and polar β-, γ-, and δ-phases depending on the crystallization and processing conditions [11] . The α-phase crystallizes from the melt directly, while the β-phase generates from mechanical stretching and solvent casting [14, 60] . In the present study, electrospinnig can also induce -phase in pristine PVDF mat. This can be attributed to the polymer molecules of fluid jet stream experience stretching motion during electrospinning. This causes a significant elongation of the electrospun jet under a high stretching rate. In this respect, entangled polymer chains in the jet undergo molecular reorganization. The induction of β-phase in pristine PVDF prepared by electrospinning has been reported by Sundaray et al. [61] . In general, nanomaterials can also induce the formation of β-phase PVDF. In particular, AgNPs, GO or rGO addition promotes the formation of β-phase PVDF [57, 62, 63] . Manna et al. [57] reported that an electrostatic interaction between the charges on AgNPs and the CF 2 dipole of PVDF straightens the PVF 2 chains, leading to the formation of β-phase conformation. As such, the XRD patterns of PVDF-1% Ag-GO and PVDF-2% Ag-GO samples show distinct β-phase reflection at 2θ = 20.6°. From Figure 4 , the absence of characteristic GO peak in the XRD patterns of PVDF-1% Ag-GO and PVDF-2% Ag-GO membranes implies that the GO is exfoliated in the PVDF matrix and reduced to rGO [64, 65] . Figure 5 shows the tensile stress-strain curves of PVDF and its nanocomposite membranes. Apparently, all composite membranes exhibit higher elastic modulus, tensile strength and tensile ductility than pristine PVDF mat. Bulk PVDF exhibits a tensile strength of 35-50 MPa. In this study, the presence of porosity in PVDF membrane reduces its tensile strength to 3.7±0.4 MPa. Our tensile strength for porous PVDF membrane agrees reasonably with that reported in the literature with a tensile strength of 4 MPa [66] . A small variation in strength is due to different processing conditions in forming fibers. The elastic modulus and tensile strength of PVDF This demonstrates that AgNPs can bear the tensile load effectively. The load-bearing capacity arises from an efficient stress-transfer across the filler-matrix interface of this nanocomposite, resulting from an electrostatic interaction between the charges on AgNPs and the CF 2 dipole of PVDF as mentioned above [57] . The elastic modulus, tensile strength and elongation at break of electrospun fibrous membranes are listed in Table 2 . Graphene exhibits extraordinarily high elastic modulus of 1 TPa and tensile strength of 130 GPa [67] . However, GO exhibits a tensile strength of 87.9 MPa and lower elastic modulus in the range of 270-470 GPa due to the variations in coverage of oxygen groups [68, 69] . The elastic modulus and tensile strength of GO are considerably higher than those of pristine PVDF. The GO additions can improve mechanical strength and stiffness of the polymer composites [70] . By adding 1% GO to PVDF-1% Ag, the tensile strength, elastic modulus and elongation further increase markedly. This is due to uniform dispersion of AgNPs in the PVDF matrix since GO acting as an effective layer for anchoring AgNPs. Furthermore, the interaction between carbonyl group of GO and fluorine group (CF 2 ) in PVDF also contributes to an increase in tensile strength elastic modulus and tensile elongation of the PVDF-GO nanocomposites [56] . Enhanced tensile strength, elastic modulus and tensile elongation is also observed by adding 1% GO to PVDF-2% Ag. As such, the incorporation of AgNP and GO nanofillers into PVDF render the resulting nanocomposite membranes can withstand applied stress during water filtration, and prevent the collapse of the porous structure of membranes. From these results, it is apparent that the specific interactions between GO and AgNPs with the PVDF matrix are responsible for enhanced tensile elongation of the PVDF-based nanocomposite membranes. Furthermore, induced β-phase due to the GO and AgNP nanofillers is also beneficial in enhancing tensile elongation of PVDF. Giannellies and coworkers reported that the tensile elongation of PVDF-clay nanocomposites is significantly higher than that of pristine PVDF owing to the filler-induced β-phase formation [71] .
Mechanical behavior
Enhanced membrane wetting
For practical applications in industries, it is beneficial to develop membranes with improved hydrophilicity to prevent fouling by organic contaminants and bacterial species. The water contact angle measurement is a useful technique for assessing wettability of the fibrous membranes. Figure 6 is a photograph showing the shapes of water droplets on all electrospun membrane surfaces. Pristine PVDF fibrous membrane displays a high contact angle of 141.9±0.8°, implying its hydrophobic behavior. Adding 0.5% Ag to PVDF slightly decreases its contact angle with water to 139.1±0.4°. As the Ag content of PVDF increases to 1 and 2% Ag, water contact angle decreases to 133.4±1.3 and 124.3±0.9°, respectively. Apparently, a decrease in contact angle with the incorporation of AgNPs into the PVDF matrix demonstrates a reduction in the degree of hydrophobicity of materials. By hybridizing GO with Ag in the PVDF-1% Ag and PVDF-2% Ag nanocomposites, water contact angle is further reduced to 127.3±0.5 and 121.1±1.1°. The PVDF-2% Ag-GO nanocompsite fibrous membrane is found to exhibit the lowest water contact angle. As mentioned before, insulating GO is converted to conducting rGO during sample preparation; rGO contains fewer oxygenated groups than GO, i.e. GO is more hydrophilic than rGO. In this respect, Ag content dominates the reduction of contact angle rather than rGO. It is noted that the contact angle obtained in electrospun polymer mat is much higher than that of its corresponding membrane prepared by the phase-inversion. For example, the contact angle of electrospun PVDF mat in this study is 141.9±0.8°. However, water contact angle of phase-inverted PVDF mat is only 99.2° [23] .
The increase of contact angle in electrospun polymer membrane is related to the complication of interacting factors on the mat surface such as fiber diameter, porosity and surface roughness [72] . Metal nanoparticles have been added generally to polymers for enhancing their hydrophilicity. For Agcontaining membranes, a decrease of contact angle results from the presence of AgNPs and their subsequent conversion to Ag + ions upon contacting with aqueous environment. The incorporation of GO into PVDF matrix reduces the hydrophobicity due to the presence of oxygenated groups. Thus Ag-containing nanocomposites with lower contact angles favor the release of the silver ions upon immersion in water environment. The degree of hydrophobicity reduction depends largely on the Ag content and the presence of GO in the composites. Figure 7 shows the Ag + concentration released by electrospun PVDF-Ag and PVDF-Ag-GO nanocomposite systems immersed in deionized water for 28 days. Apparently, PVDF-0.5% Ag, PVDF-0.5% Ag-GO and PVDF-1% Ag fibrous membranes release very small amounts of silver ions in deionized water for 28 days. However, a substantial amount of Ag + ions is released by incorporating GO into PVDF-1% Ag membrane. Moreover, the concentration of released Ag + ions of this membrane rises greatly with the time periods of prolonged immersion. By increasing Ag loading level in the PVDF-Ag system to 2%, larger amounts of Ag + ions are released from the fibrous membrane. So AgNPs of PVDF-2% Ag can be oxidized electrochemically to Ag + ions by immersing in deionized water. Furthermore, PVDF-2% Ag-GO membrane releases the highest Ag + ion concentrations as expected. Figure 8 shows the water flux permeability and BSA rejection values of PVDF and its nanocomposite membranes. Apparently, pristine PVDF exhibits the lowest water flux due to its hydrophobicity. The water permeability of PVDF is greatly improved by adding 1% Ag and 2% Ag. Further enhancement in water permeability can be achieved through the addition of 1% GO to PVDF-1% Ag and PVDF-2% Ag membranes. This can be attributed to the decrease of PVDF hydrophobicity by adding Ag or Ag/GO nanofillers. The oxygenated functional groups of GO can attract water molecules effectively. Thus the oxygenated groups of GO and Ag + ions (from AgNPs) favor the attraction of water molecules inside the membrane matrix and facilitates water to filtrate through the membrane, thus enhancing the permeability. Very Figure 6 . Photograph of water droplets on electrospun PVDF and its nanocomposite membrane surfaces Figure 7 . Silver ion released from the PVDF-Ag and PVDFAg-GO nanocomposite systems immersed in deionized water for 28 days recently, Wang et al. [73] reported that the water flux of electrospun polyacrylonitrile membranes increases with increasing porosity and fiber diameter. From Table 1 and Figure 8 , it is evident that the water flux of membranes increases with the increase of porosity. This is because higher porosity in the membranes provides more water flow channels. In general, the fiber diameter of electrospun membranes has a direct relationship with the pore size. By decreasing the diameter of electrospun membranes, small pores are produced accordingly [73, 74] . As recognized, fined pores in electrospun membranes are formed through layer-by-layer stacking of fibers to create an interconnected structure. On the basis of image analysis using ImageJ, the pore sizes of pure PVDF, PVDF-2% Ag and PVDF-2% Ag-GO membranes are determined to be 1.49, 0.69 and 0.63 μm, respectively. Although PVDF has larger pores than the composite membranes, its highly hydrophobic nature and low porosity lead to lowest water flux permeability. In contrast, polymer membranes with more porous features have smaller-sized pores [75] . PVDF-based composite membranes especially PVDF-2% Ag and PVDF-2% Ag-GO with highest porosity and lowest water contact angle counterbalance the effect of smaller pores, leading to enhanced water flux permeability.
Water permeability and antifouling behavior
In this study, BSA is employed as a model protein to assess the fouling resistance of the membrane. Figure 8 reveals that the incorporation of Ag or Ag/ GO nanofillers into PVDF membranes enhances their BSA rejection rate significantly. Hydrophobic PVDF favors the adhesion of hydrophobic BSA on its surface as expected. By reducing the degree of hydrophobicity of PVDF through GO and AgNP additions, the adsorption of BSA is inhibited; such effect depends on the filler concentrations. Accordingly, PVDF-2% Ag and PVDF-2% Ag-GO membranes show the highest BSA rejection rate. Although the addition of 1% Ag to PVDF reduces the degree of hydrophobicity to a certain extent, it is unclear how it would increase the BSA rate dramatically. More work is needed to elucidate this issue.
The protein antifouling performance of electrospun PVDF-Ag and PVDF-GO-Ag membranes can be evaluated by measuring the water flux recovery after fouling with a BSA solution. From Figure 9 , caused by the strong adsorption of protein molecules on the membrane surface and entrapment of foulant molecules in the pores. Figure 10 shows the fouling resistance ratios of PVDF and its nanocomposite membranes. Electrospun PVDF membrane exhibits a R ir value of 30% and R r of 3% because of serious membrane fouling. So irreversible fouling dominates over R r in the PVDF mat due to the hydrophobic interactions between the membrane surface and foulant. By adding 0.5, 1 and 2% Ag to PVDF, irreversible fouling percentage reduces to 22, 19 and 11%, while reversible fouling ratio increases to 9%. 19 and 36%, respectively. Larger R r implies that the adsorbed foulants can be removed from the membrane surface by washing with water. A marked reduction in the R ir values implies that the antifouling capability of nanocomposite membranes improves dramatically due to a reduction in hydrophobicity of these membranes. This inhibits the deposition of BSA protein during filtration, thereby preventing the blocking of membrane pores. These results are of practical importance since the adsorbed protein layer on membrane pores can also act as a site for bacterial adhesion and subsequent colonization, leading to the formation of biofilm. For the PVDF-2% Ag-GO membrane, R ir value further drops to 6% while R r increases to 47%. Thus electrospun PVDF-2% Ag-GO membrane with high FRR and low R ir renders it with excellent antifouling performance. As recognized, particulate foulants on the membranes can block the pores which increases the resistance to water flow, resulting in a decline in water flux permeability. Gopal et al. [33] fabricated electrospun PVDF membranes with pore sizes in the range of 4-10.6 μm, and the membranes were used to separate 1, 5 and 10 μm polystyrene particles. They reported that the membranes can remove micro-particles in the range of 5-10 μm effectively during filtration. Generally, pore blocking mechanism tends to increase with increasing membrane pore size [76] . It is easier for fine particles (smaller than the membrane pore size) to enter the membrane pores and get trapped in them, resulting in pore blocking. With smaller pores, large particles rapidly form a top layer on the membrane and collect the smaller particles. Large particles can then be removed easily by a simple hydraulic cleaning [76] . In this respect, pristine PVDF membrane with a larger diameter and pore size of 1.49 μm is expected to experience more pore blocking than the PVDF-2% Ag and PVDF-2% Ag-GO composite membranes with smaller diameters and respective pore sizes of 0.69 and 0.63 μm.
Antibacterial activity
As mentioned before, biofilm formation arises from the early adhesion of bacteria, their subsequent proliferation and colonialization on the membrane surface. The biofilm formation on the membranes is affected by the presence of bacterial species with different cell walls and structures of the EPS produced [77] . Gram-negative E. coli is widely present throughout aquatic environments and used as the model organism for biofilm formation on the membranes [78] . It is generally known that all PVDF phases have no antibacterial activity; their antifouling behavior depends on the addition of antibacterial nanofillers such as silver [22] . In general, bacteria adhere to hydrophobic polymer membranes through hydrophobic-hydrophobic interactions between their cell walls and the membrane surface. Thus hydrophobic PVDF membrane favors the bacteria to adhere to its surface. However, PVDF-Ag and PVDF-GO-Ag membranes can inhibit bacteria from attaching to the membrane surfaces by releasing Ag + ions. Very recently, Monerris et al. [79] reported that hydrogel nanocomposites loaded with AgNPs show antibacterial activity by releasing Ag + ions from AgNPs reside in the matrix. Figure 11a shows the agar plate cultured with Gramnegative E. coli and then contacted directly with pure Figure 10 . Fouling resistance of electrospun PVDF and its nanocomposite membranes PVDF and its nanocomposite membranes. Apparently, pure PVDF membrane exhibits poor bactericidal effect against E. coli due to the absence of an inhibition zone on LB agar plate. The inhibition zone generally serves as an indicator for antibacterial activity. By adding 0.5% Ag to PVDF, the inhibition zone with a diameter of 9.6 mm can be readily observed (Figure 11b) . Furthermore, the zone diameter increases with increasing Ag content in the PVDF-Ag system. The PVDF-GO-Ag membranes exhibit larger zone diameter by hybridizing GO with 1% Ag and 2% Ag due to uniform dispersion of AgNPs as mentioned earlier. The zone diameter rises to 13.2 mm for the PVDF-2% Ag-GO membrane. These results demonstrate that antibacterial activity of the PVDFAg and PVDF-Ag-GO systems is dependent on the release of Ag + ions from the membranes. Furthermore, the incorporation of GO into PVDF-Ag system also prevents bacteria from attaching to the membrane surface. So the PVDF-1% GO-2% Ag membrane with higher Ag loading exhibits the best resistance against E. coli. It is noted that GO is anti-bacterial in nature because it can kill bacteria by cutting their cell walls with its sharp edges, wrap the bacteria as a blanket, or oxidize bacterial cellular components [80] . The cutting mechanism is known as the nano-knife effect. In this respect, GO cuts the cell membrane and causes the leakage of intracellular constituents, thereby leading to death of bacteria [80, 81] . This effect is particularly more effective for E. coli with a single cell wall of peptidoglycan layer.
Accordingly, the incorporation of GO into PVDF-2% Ag and PVDF-1% Ag membranes further enhances their bactericidal activity against E. coli. More importantly, AgNPs of the PVDF-Ag and PVDF-GO-Ag membranes play a crucial role in bactericidal activity. AgNPs with high surface area to volume ratio can attach to the bacterial cell membranes, then penetrate through cell membrane into the cytoplasm [82, 83] . Some studies reported that released silver ions from AgNPs tend to interact with the sulfur-containing compounds of bacteria. So Ag + ions can interact with thiol groups of enzymes of DNA, thus disrupting the metabolic processes and affecting the DNA ability to replicate. These processes finally lead to damage or death of bacterial cells [84] . A recent study by Bondarenko et al. [85] demonstrated that there exists a synergistic effect between these two antibacterial activities. Direct cell-nanoparticle contact facilitates the release of silver ions from AgNPs, thereby enhancing the amount of cellular uptake of particle associated Ag + ion. Figure 12a shows the agar plate cultured with Grampositive S. aureus and then contacted directly with pure PVDF and its nanocomposite membranes. It can be seen that the bacteria grow well around PVDF membrane. The addition of 0.5% Ag to PVDF has little effect in resisting the bacterial attack. There is almost no zone of inhibition observed on the agar plate around this sample. However, the diameter of inhibition zone against S. aureus increases with the additions of 1% Ag-2% Ag and (1-2)% Ag-GO fillers to PVDF (Figure 12b ). From the size of inhibition zones, PVDF-based nanocomposite membranes have a weaker bactericidal activity for Gram-positive S. aureus than for Gram-negative E. coli. In other words, Gram-positive bacteria are more resistant to the Ag + attack than Gram-negative bacteria. This can be attributed to the difference in the cell wall structures of S. aureus and E. coli. Gram-positive bacteria exhibit a thick cell wall having many peptidoglycan layers interspaced with teichoic acid [86] . Therefore, such a thick cell wall can serve as a barrier for the penetration of Ag + ions into the cytoplasm. However, Gram-negative bacteria with a single cell wall of peptidoglycan layer are more susceptible to the Ag + ions attack. The Ag + ions can readily penetrate a thinner peptidoglycan layer of E. coli, leading to more destruction of respiratory proteins and disruption of DNA replication.
Conclusions
We have fabricated electrospun PVDF-(0.5-2)% Ag and PVDF-(0.5-2)% Ag-1% GO nanocomposite membranes with antifouling and antibacterial properties. Introduction of AgNPs and GO into PVDF membranes leads to the improvement in membrane wetting, tensile strength and elastic modulus, water permeability, antifouling property, and antibacterial resistance. Comparing with pristine PVDF mat, PVDF-2% Ag-GO composite membranes exhibit high water flux recovery ratio of 93.7%, low irreversible fouling ratio of 6%, and large zone of inhibition against both E. coli and S. aureus strains. These results bring new perspectives for the development of novel PVDF-based nanocomposite membranes with excellent anti-biofouling properties for water purification and disinfection applications.
